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Abstract 
In this paper, speed control and torque ripple minimization of a sensorless Permanent Magnet Brushless DC (PMBLDC) motor 
drive system with varying load is analyzed. Constant speed operation with minimum torque ripple during transient state is the 
most difficult part in the drive system. At starting condition, if the motor is started with constant DC source, the current is too 
high due to the absence of back EMF. Therefore the motor will start with high torque ripples. In order to eliminate the torque 
ripples during starting condition by limiting the starting speed of the motor with properly designed speed controller and varying 
DC source from zero to its rated voltage, this will improve the reliability of PMBLDC motor. Here, the speed control and torque 
ripple minimization of a sensorless PMBLDC motor during starting and running condition with conventional and fuzzy logic 
controllers are proposed. The performance parameters of a PMBLDC motor with these controllers are analyzed through 
MATLAB/Simulink software. 
© 2015 The Authors.Published by Elsevier Ltd. 
Peer-review under responsibility of the organizing committee of RAEREST 2016. 
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1. INTRODUCTION 
Brushless DC motors make a challenging environment with brushed DC motors; because of their high 
efficiency, low electromagnetic interference and wide range of speed control. So BLDC motors are recommended 
for many low and medium power applications such as aerospace, electric traction, ventilation and air conditioning, 
motion control and robotics etc. 
The BLDC motor is a three phase synchronous motor with stator having three phase concentrated windings and 
a rotor having permanent magnets. The magnetic material for permanent magnet rotor can be chosen, depending on 
the magnetic field density required. The ferrite magnets are most commonly preferred, because of its low cost. 
BLDC motor does not require any mechanical brushes and commutator assembly; hence, wear and tear of the 
brushes, sparking issues among the commutator and brushes are eliminated. The BLDC motor is also referred as an 
electronically commutated motor, which will work with a three phase supply generated by an inverter unit. For 
controlling the three phase inverter bridge, rotor position signals from the Hall sensor [1] or sensorless back EMF 
zero crossing points [11] are utilized to determine the phase commutation in an inverter unit. The disadvantages of 
© 2016 The Authors. Published by Elsevi r Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Hall Effect sensor, includes slow response time and increased electrical noise. To eliminate these difficulties in a 
PMBLDC motor drive by sensorless technique [9] i.e., back EMF zero crossing detection method is preferred. 
One of the main drawbacks associated with a BLDC motor is torque ripples [2]. Extensive research is 
progressing on the torque ripple reduction in BLDC motor with ideal trapezoidal back EMF. Generally, phase 
currents in a BLDC motor are controlled to follow a rectangular waveform which is considered to be ideal for the 
two phase conducting mode of the BLDC motor. During commutation, one phase is turned off and another phase is 
turned on. The mismatch between the decrease and increase slopes of these two phase currents cause the current 
pulsation in the third phase which is in OFF condition and results in torque ripple [3]-[5]. The torque ripple can 
cause mechanical vibration, acoustic noise and bearing damage and hence reduce the life of the motor. Information 
on the accurate rotor position and back EMF is required in all aforementioned methods to reduce the torque ripple of 
BLDC motor with non-ideal trapezoidal back EMF. 
The main objective of this work is, speed control and torque ripple minimization of a sensorless PMBLDC 
motor drive system during starting and varying load conditions. The principle of operation is discussed in section 2. 
Section 3 explains the sensorless operation of PMBLDC Motor drive. Section 4 analyzes the mathematical modeling 
of the motor. The design of conventional and fuzzy logic controllers are discussed in section 5. The steady state and 
transient state operation of BLDC motor are analyzed in sections 6 and 7 respectively. 
2. PRINCIPLE OF OPERATION OF PMBLDC MOTOR 
Permanent magnet machines are widely used because of their high power density and efficiency [6]. If the 
supply current of these machines has a rectangular shape and the waveform of the back EMF is trapezoidal, then the 
motor is referred to as Brushless DC (BLDC) machine. Brushless DC motor requires the rotor position information 
for the appropriate commutation in each phase of an inverter.  
 
 
 
 
    
 
 
Fig. 1. BLDC Motor with Commutation Logic 
       The Hall sensors Ha, Hb, Hc are 120
0 apart for the symmetrical operation of motor and used to determine the 
rotor position [12] by giving the value 1 (high voltage) or 0 (low voltage) when north and south poles are closed. 
Then this signal is communicated to the electronic controller, which spins the motor at the right time by orienting 
the stator poles in the right configuration as required for rotation. 
 
Table 1. Clockwise Hall Sensor Signals and Drive Signals 
 
Rotor Position Ha Hb Hc Q1 Q2 Q3 Q4 Q5 Q6 
NA 0 0 0 0 0 0 0 0 0 
00 – 600 1 0 0 1 1 0 0 0 0 
600 – 1200 1 1 0 0 1 1 0 0 0 
1200 – 1800 0 1 0 0 0 1 1 0 0 
1800 – 2400 0 1 1 0 0 0 1 1 0 
2400 – 3000 0 0 1 0 0 0 0 1 1 
3000 – 3600 1 0 1 1 0 0 0 0 1 
NA 1 1 1 0 0 0 0 0 0 
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On sensing the rotor position, three bit codes of Hall sensor signals are generated as shown in table 1. Each 
code value specifies the rotor position of the motor and stator windings that are to be energized. Hall sensor signal is 
high or low depending upon the position of the sensor is near to the North or South Pole of the rotor magnets. 
Depending on these signals, the MOSFET switches Q1 - Q6 are ON or OFF. Finally the digital PWM signals are 
generated and speed regulation is achieved by adjusting the width of the duty cycles. 
3. SENSORLESS OPERATION OF PMBLDC MOTOR 
Brushless DC motor drive requires rotor position information for the proper commutation of each phase of an 
inverter module. In a sensorless PMBLDC motor drive, the electronic commutation circuit plays an important role to 
drive the motors because of their non-self commutating nature. The advantages of sensorless motor drive, not only 
reducing the hardware complexity but also improves the system reliability with minimum power consumption in 
associated circuitry.  
Various control methods arise for sensorless motor drive [7], in which back EMF zero crossing detection is the 
most cost effective method to obtain the commutation sequence in a BLDC motor drive. In the excitation of a three 
phase BLDC motor, two of the three phase windings are functioning at a time and the unexcited phase carries the 
back EMF which is called as floating phase. In order to produce maximum torque, the inverter is to be commutated 
at every 600 by calculating zero crossing of back EMF on the floating phase of the motor. 
Let Va, Vb, Vc refer to the terminal voltages of BLDC motor. Vn is the neutral point voltage and VDC is the DC 
bus voltage of an inverter. Let R, L are the resistance and inductance of stator windings which are assumed to be 
constant for all phases. The magnetic circuit saturation and losses in motor are also ignored. At each instant of time, 
only two of the three phases of stator are conducting. Therefore back EMF can be detected from the floating phase 
terminal voltage. 
Consider phase A is taken as floating phase and phases B, C are conducting i.e., ia = 0 and ib = - ic. Then the 
voltage terminal equations can be written as, 
      (1) 
                                                                                                                               (2) 
                                                                                                                               (3) 
where ib = - ic, Eb = - Ec and Vb + Vc = VDC. Therefore by adding (3) and (2) neutral point voltage, 
         (4) 
 
 
Substituting (4) in (1), floating point terminal voltage can be written as, 
         (5) 
 
If Ea = 0, then condition of back EMF zero crossing detection from the floating terminal voltage,  
 
                                                  (6) 
 
In this technique, voltage of only one phase regarding DC bus voltage is sensed instead of all three terminal 
voltages. Zero crossing signals are generated at any time, when the line voltage reaches to half of the DC bus 
voltage. Commutation signal is set to logic one at the zero crossing point of rising edge of the line voltage and it is 
set to logic zero at zero crossing points of falling edge of line voltage. Commutation instants must be generated 30 
electrical degrees after the zero crossing points. Other two commutation signals are generated by 120 electrical 
degrees delay respective to the first signal. 
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4. MATHEMATICAL MODEL OF BLDC MOTOR 
The flux distribution and back EMF generation in a BLDC motor are trapezoidal. The derivation is based on 
the assumption that, induced currents in the rotor due to stator harmonic fields are neglected; iron and stray losses 
are neglected. Damper windings are not usually part of a BLDC motor. 
 
 
 
 
 
 
Fig. 2. Equivalent Circuit of the BLDC Motor Drive System 
The coupled circuit equations of stator windings in terms of motor electrical constants are, 
 
                             (7)
                (8) 
                  (9) 
where Van, Vbn, Vcn are phase voltages. Ia, Ib, Ic are stator currents. Ra, Rb, Rc are stator resistances. La, Lb, Lc are 
stator inductances. Ea, Eb, Ec are back EMF’s. Let p = d/dt, Ra = Rb = Rc = Rs (Stator Resistance). Peak back EMF, 
Ep = λp ωm. where, λp is flux linkage, ωm is rotor speed. Assume, Laa = Lbb = Lcc = L (Self Inductance) and Lab = Lac = 
Lbc = Lba = Lca = Lcb = M (Mutual Inductance). The state space model of BLDC motor in matrix form as; 
 
 
 
 
At balanced condition, ia + ib + ic = 0, and Ls = L - M. The state space model becomes, 
 
The mathematical functions for the generated back EMF in a PMBLDC motor is given below. 
           
Fig. 3. Ideal Back EMF, Phase Current and Torque in a PMBLDC Motor 
The ideal back EMF, phase current and torque in a PMBLDC motor with 1200 commutated operation as shown 
in fig. 3. The stator currents having a rectangular shape, back EMF’s having the trapezoidal shape and the generated  
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torque is free from the ripples. The instantaneous induced EMF’s are 
                                  (10) 
                 (11) 
                 (12) 
The electrical rotor speed and position are related by, 
 
                   (13) 
The electromagnetic torque is given by, 
 
                                 (14)
                  
where θr is the rotor angle and P is the number of poles. Then the Electromagnetic torque becomes, 
                                (15) 
The electromagnetic torque and load torque are related by, 
 
                   (16) 
Therefore the rate of change of rotor speed is, 
 
                   (17) 
where Tl is load torque, B is friction coefficient, J is moment of inertia. The state space model can be written as, 
 
 
 
 
 
 
 
 
 
 
5. THEORETICAL DESIGN OF CONVENTIONAL AND FUZZY LOGIC CONTROLLERS 
In a closed loop control system, controller plays a vital role in the system stability and transient response. The 
main function of the controller is to improve the steady state and transient performance under loaded condition. 
5.1. Design of Conventional Controller 
In this paper, Particle Swarm Optimization (PSO) technique is used to find the optimal values of the 
parameters Kp and Ki of PI controller for BLDC motor speed control system [8]. The advantages of PSO tuning 
gives computational efficiency, as it is very easy to implement and the computation process is very fast when 
compared to other conventional methods. PSO is a computational method that optimizes problem and iteratively 
trying to improve a candidate solution with regard to a given measure of quality. 
Consider position Xi, m of the i
th particle as it traverses an n- dimensional search space. The previous best 
position for this ith particle is recorded and represented as Pbesti, n. The best performing particle among the swarm 
population is denoted as gbesti, n and the velocity of each particle within the n- dimension is represented as Vi, n. The 
new velocity and position for each particle can be calculated from its current velocity and distance respectively. 
 
The conventional controller is optimized by Particle Swarm Optimization technique and the optimized value 
for Kp = 34.005 and Ki = 221.739. 
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Fig. 4. The flowchart of the PSO – PI control system 
5.2. Design of Fuzzy Logic Controller 
Fuzzy Logic Membership Function: Fuzzy logic controllers do not require an exact mathematical model; they 
are designed based on general knowledge of the plant. Design of fuzzy logic controller [10] adapts the varying 
operating points. Two input variables are error (e), change of error (∆e) are used in this fuzzy logic system. The 
single output variable (u) is the duty cycle of PWM output, which is given in fig. 5(a) and 5(b). 
 
Fig. 5. (a) The membership function plots of e and ∆e; (b) Duty ratio; (c) Fuzzy logic rules 
Fuzzy Logic Rules Table: The error and change of error of speed in a PMBLDC motor are the inputs of fuzzy 
logic controller. These two inputs are divided into seven groups; NB: Negative Big, NM: Negative Medium, NS: 
Negative Small, ZO: Zero, PS: Positive Small, PM: Positive Medium and PB: Positive Big. These groups create 
forty nine fuzzy logic rules, which is referred in fig. 5(c). 
 
Table 2. SIMULATION PARAMETERS 
 
Parameter Value 
Number of phases and poles 3 and 6 
Back Emf flat area (degrees) 120 
Voltage Constant (Vpeak L – L / k rpm) 87.9646 
Stator phase resistance (Rs) 8 Ω 
Stator phase inductance (Ls) 1.72 mH 
Torque constant (N.m /A-peak) 0.84 
Rated speed (ωr) 1500 RPM 
Rotor inertia (J) 
Friction coefficient (F) 
0.8e -3 J (Kg.m2) 
0.001 N.m.s 
649 Jino Joy and S. Ushakumari /  Procedia Technology  25 ( 2016 )  643 – 651 
 
6. SIMULATION RESULTS 
6.1.  BLDC motor with PSO based PI controller (No load) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6. (a) Inverter output voltage; (b) DC input current and developed torque; (c) Stator current in phases A, B and C; (d) Speed response  
Fig. 6. (a) Shows line voltage across phases A, B and C. The voltage is rising from zero and saturate when the 
motor attain the rated speed 1500 RPM. Fig. 6. (b) Shows DC input current and developed torque in a PMBLDC 
motor with PSO tuned PI controller. By using a tuned PI controller in a BLDC motor will limit the starting current. 
So the motor will start with a low starting current and appropriate starting torque. Fig. 6. (c) Shows the stator current 
of a closed loop BLDC motor with PI controller, having rectangular shape and less harmonics during starting and 
running conditions. Fig. 6. (d) Shows rotor speed in a PMBLDC motor with PSO based PI controller during steady 
state operation and the motor will attain the rated speed at 3rd second. 
6.2. BLDC motor with fuzzy logic controller (No load) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7. (a) Inverter output voltage; (b) DC input current and developed torque; (c) Stator current in phases A, B and C; (d) Speed response  
Fig. 7. (a) Shows an inverter output voltage across the phases A, B and C. The trapezoidal shape line voltage attains 
its rated value when the motor attains the rated speed. Fig. 7. (b) Shows DC input current and developed torque in a 
PMBLDC motor with fuzzy logic controller. At starting, the input current and torque is high, since back EMF is 
zero (Eb = 0). So the motor is able to start with load. Then the input current is reduced to attain the rated value when 
the motor reached the rated speed. Fig. 7. (c) Shows the stator currents in a BLDC motor with fuzzy controller 
having rectangular shape and high starting current with less harmonics. Fig. 7. (d) Shows rotor speed response in a 
PMBLDC motor. The time required to attain the rated speed is 1.3 seconds. 
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Table.3. shows performance comparison of a PMBLDC motor drive system with PSO based conventional controller 
and fuzzy logic controller. BLDC motor with fuzzy logic controller shows an improved performance compared to 
the PI controller with its rise time, settling time, overshoot and starting torque. 
 
Table 3. Performance comparison of a PMBLDC motor with conventional and fuzzy logic controllers 
 
Parameter With PSO based PI Controller With Fuzzy Controller 
Rise time 1 sec 0.4 sec 
Settling time 4 sec 1.3 sec 
Starting torque 0.18 N.m 0.4 N.m 
Overshoot Less Nil 
 
7. TRANSIENT CONDITIONS 
7.1. BLDC motor with PSO based PI controller (Varying Load) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8. (a) DC input current and developed torque; (b) Speed response with varying load; (c) Stator current in phases A, B and C. 
Fig. 8. (a) Shows DC input current and developed torque during mechanical load transients. Load transients at 5th 
second and 10th second, current and torque will change to maintain the rated speed in a BLDC motor within seconds, 
since Te ᾳ Ia. Fig. 8. (b) Shows rotor speed response of a PMBLDC motor attains rated speed (1500 RPM) at 4th 
second. Load increasing transient occur at 5th second and decreasing transient occur at 10th second, then the speed 
changes from rated speed. But the PMBLDC motor will overcome these transients and attain the rated speed within 
2 seconds. Fig. 8. (c) Shows stator current in an each phase of a BLDC motor, which varies during load transients 
and maintain the rated current when the motor reached at rated speed. 
7.2. BLDC motor with fuzzy logic controller (Varying Load) 
Fig. 9. (a) Shows DC input current and developed torque. In a BLDC motor with fuzzy logic controller having 
improved speed of response, so the motor starts with higher starting current and torque than BLDC motor with PSO 
tuned PI controller. During transient state, the current and torque will adjust to maintain the rated speed of the motor 
within seconds. Fig. 9. (b) Shows the rotor speed of a PMBLDC motor during transient condition. The increasing 
load is applied at 3rd second and decreasing load is applied at 5th second. In both cases, it is seen that the motor 
attains the rated speed within 0.8 seconds. Fig. 9. (c) Shows the stator currents in a BLDC motor. The stator current 
having rectangular shape and shows less harmonics, which changes during transients for maintaining the stability. 
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Fig. 9. (a) DC input current and developed torque; (b) Speed response with varying load; (c) Stator current in phases A, B and C. 
8. CONCLUSIONS 
In this paper, the performance of a sensorless PMBLDC motor with PSO tuned PI, fuzzy logic controllers 
during steady and transient state are compared. BLDC motor with fuzzy logic controller achieves better dynamic 
response than PI controller based on the performance parameters of rise time, settling time and overshoot. PMBLDC 
motor with fuzzy logic controller offers high starting torque with minimum torque ripple. During transient 
conditions, fuzzy logic controlled BLDC motor overcome the instability and maintain the rated speed within 0.8 
seconds, but PSO tuned PI controller requires 2 seconds. Based on these simulation results, the fuzzy logic 
controlled BLDC motor offers better speed control and torque ripple minimization in steady state or even at 
transient conditions are obtained.  
References 
[1] Marcin Baszynski and Stanislaw Pirog, “A Novel Speed Measurement Method for a High-Speed BLDC Motor Based on the Signals from the 
Rotor Position Sensor,” IEEE Trans. Ind. Electron, vol. 10, no. 1, pp. 84-91, Feb. 2014. 
[2] Fei Yang, Chenguang Jiang, Allan Taylor, Hua Bai, Adam Kotrba, Argun Yetkin and Arda Gundogan, “Design of a High-Efficiency   
Minimum- Torque-Ripple 12-V/1-kW Three-Phase BLDC Motor Drive System for Diesel Engine Emission Reductions,” IEEE Trans. Power 
Electron, vol. 63, no. 7, pp. 3107-3114, Sep. 2014. 
[3] Tiantian Sheng, Xiaolin Wang, Julia Zhang, Zhiquan Deng, “Torque Ripple Mitigation for Brushless DC Machine Drive Systems Using One-
Cycle Average Torque Control,” IEEE Trans. Ind. Electron, DOI 10.1109/TIE.2014.2351377, Feb. 2014. 
[4] Sung Jun Park, HanWoong Park, Man Hyung Lee, and Fumio Harashima, “A New Approach for Minimum-Torque-Ripple Maximum-
Efficiency Control of BLDC Motor,” IEEE Trans. Ind. Electron, vol. 47, no. 1, pp. 109-114, Feb. 2010. 
[5] Yong Liu, Z. Q. Zhu and David Howe, “Direct Torque Control of Brushless DC Drives With Reduced Torque Ripple,” IEEE Trans. Ind. 
Electron, vol. 41, no. 2, pp. 599-608, Apr. 2012. 
[6] Farhad Aghili, “Ripple Suppression of BLDC Motors With Finite Driver/Amplifer Bandwidth at High Velocity,” IEEE Trans. Ind. Electron, 
vol. 19, no. 2, pp. 391-397, Mar. 2011. 
[7] Champa.P, Somasiri.P, Wipauramonton.P and Nakmahachalasint.P, “Initial Rotor Position Estimation for Sensorless Brushless DC Drives”, 
IEEE Trans. on Ind. Applications, Vol.45, No.4, pp.1318-1324, July 2009. 
[8] Z.-L. Gaing, “A particle swarm optimization approach for optimum design of PID controller in AVR system,” IEEE Trans. Energy 
Conversion, vol. 19, pp. 384-391, June 2004. 
[9] Champa.P, Somasiri.P, Wipauramonton.P and Nakmahachalasint.P, “Initial Rotor Position Estimation for Sensorless Brushless DC Drives,” 
IEEE Trans. on Ind. Applications, Vol.45, No.4, pp. 1318-1324, July 2009. 
[10] Yan Wei-Sheng, Lin Hai, Li Hong and Yan Wei, “Sensorless Direct Torque Controlled Drive of Brushless DC Motor based on Fuzzy 
Logic,” IEEE Trans. on Ind. Elec. and Appl., Vol.23, No.4, July 2009. 
[11] Taeyeon Kim, Chungil Kim and Joon Lyou, “A New Sensorless Scheme for a BLDC Motor Based on the Terminal Voltage Difference,” 
IEEE Trans. on Industrial Applications, Vol.6, No.7, pp.1710-1715, Sep. 2011. 
[12] Yee-Pien Yang and Yi-Yuan Ting, “Improved Angular Displacement Estimation Based on Hall-Effect Sensors for Driving a Brushless 
Permanent-Magnet Motor,” IEEE Trans. on Industrial Electronics, Vol. 61, No. 1, January 2014. 
